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Abstract 
This paper reports the results of a numerical study on heat and moisture transport through a buffer 
layer made of clay as used in nuclear waste repository. Galerkin’s weighted residual finite element 
method along with Newton-Raphson method has been used for the solution of the non-linear coupled 
governing equations used to represent the heat and moisture transport through unsaturated clay 
material. After validating the code numerical simulation results were obtained for heat and moisture 
variations within the buffer material for Dirichlet temperature boundary conditions in the range, 
50oC<T<155oC and heat flux boundary conditions in the range, 130 W/m2< q <560 W/m2, with an aim 
to simulate the boundary conditions which the clay barrier will be subjected to in real situations. The 
temperature and moisture variations within the clay buffer are discussed from the point of view of 
thermo-hydraulic behavior of clay under the above boundary conditions. 
 Keywords: Radioactive waste, clay buffer, heat and moisture transport, unsaturated porous  
material 
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Nomenclature 
Cvs Specific heat capacity of solid, J/kg qC 
Cvw Specific heat capacity of water, J/kg qC 
Cpv Specific heat capacity of vapor, J/kg qC 
Cs Moisture capacity, kg/m2s2 
ȡw Water mass density, kg/m3 
 ȡv  Vapor mass density, kg/m3  
ȡs   Solid mass density, kg/m3 
ȡvs Saturated vapor mass density, kg/m3 
ȡwo Reference water mass density, kg/m3 
h Relative humidity 
Ø Porosity
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1. Introduction 
    The use of nuclear energy is increasing dramatically in the world, and hence the nuclear waste 
disposal and its short and long-term effects are of considerable importance to the safety of the mankind 
and the environment. One of the options considered for nuclear waste disposal is an underground 
nuclear waste facility. Design of underground nuclear waste disposal systems involves a system of 
multiple barriers to inhibit release of radio nuclides to the biosphere. In this system the waste filled 
canisters are placed in the rock surrounded by an engineered clay barrier and the whole system is 
buried in the geological formation, which serves as the natural or geological barrier. The knowledge 
about the heat and moisture transport through the clay barrier is critical in determining the performance 
of the disposal facility. The development of an integrated heat and mass transfer model began at the 
end of the 1930s when Henry [1] studied the diffusion of vapor through air within the pores of a solid 
(cotton), which may absorb (or desorb) and immobilize some of the diffusing substances. Luikov [2] 
was one of the first to state that moisture transfer in porous material results from gradients of moisture 
content, temperature and pressure. He developed a set of equations using Darcy’s law and proposed 
governing equations for conservation of mass for moisture and dry air as well as conservation of 
energy. Later, Philip and De Vries [3] proposed a model in which both vapor and liquid fluxes were 
considered and expressed in terms of volumetric moisture content gradient, the temperature gradient, 
and the gravitational contribution.  Whitaker [4] developed a formal theory of drying starting from 
point equation in each phase and obtained volume averaged conservation equations. Raj et al. [5] have 
recently presented the radioactive waste management practices in India. Concern for the environment 
and establishment of radiation protection goals have been among the major priorities in planning of 
India’s nuclear energy program. 
    In this work a computational program has been developed in FORTRAN for the simulation of heat 
and moisture transport through buffer material made of clay which acts as a shield from the radiation 
emitted by the nuclear waste. The effect of different boundary conditions has been studied. 
2. Governing Equations 
   The mass conservation of liquid water and vapor was derived separately and then combined to get the 
total water mass conservation equation. It is to be noted that by convention, in the study of moisture 
transport through unsaturated porous materials, the water content is represented only by suction 
pressure since suction pressure and saturation is related through the water retention curve of the 
material. The mass conservation equation can be expressed as follows [6]: 
 
S Saturation 
ȕp Fluid compressibility, 1/Pa 
ȕT Fluid thermal expansion coefficient, 1/K 
R Specific gas constant, J/kg qC 
T Temperature (qC)  
T0  Reference temperature, qC 
P Pressure, kPa 
t Time, sec 
kw Permeability, m2 
KM Thermal conductivity, W/m qC 
L Latent heat of vaporization of water, J/kg  
L0 Latent heat of vaporization of water at To, J/kg 
Șw  Dynamic fluid viscosity, Pas 
Ȗw  Fluid weight density, kg/m3 
Dpv Thermal vapor diffusion coefficient 
Dtv  Isothermal vapor diffusion coefficient 
Z  Elevation, m 
ftv Thermal enhancement diffusion factor 
qw  Liquid mass water flow, kg/s 
qv  Vapor mass water flow, kg/s 
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    The LHS of the above equation represents the mass of water and vapor stored within a unit volume 
element, and the RHS represents the divergence of water mass from the element. The expressions 
within the square bracket in LHS of equation represent water storage as a result of transient pressure 
and temperature changes. For unsaturated conditions, the gradient of saturation with respect to pressure 
will be obtained from the water retention curve of the material. The first and second terms in RHS are 
due to water flow in both liquid and vapor form.  The liquid mass flow can be written as: 
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The vapor mass flow can be written as: 
             
v pv tv tvq D P f D T                                                                                                                      (3)                   
Energy conservation equation: 
    The energy conservation equation is derived by equating the change in stored energy to the sum of 
the convergence of heat flux. The final equation is 
       
                                                                        (4)
 
  
    The first three terms on the LHS of equation (4) is the heat capacity of the partially saturated media 
where Cvs , Cvw and Cpv are the specific heat capacity of vapor, water, and solid respectively. The terms 
including H1 and H2 are derived from the latent heat of vaporization of water, and the last term on the 
LHS is the heat produced by the mechanical dissipation. The RHS is the divergence of energy resulting 
from heat conduction (first term), latent heat transport with vapor diffusion (second and third term), 
and the convection of heat with liquid and vapor flow.  
The latent heat of vaporization L is calculated as 
  0o pv vwL L C C T T                                                                                                                             (5)                    
 and the two parameters H1 and H2 are defined as 
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 3. Finite element formulation  
    When the Galerkin’s weighted residual method is applied to solve the moisture conservation 
equation, a residual R will be obtained due to the assumption of approximate solution for the given 
field variables. By minimizing R, we can obtain the required approximate solution for suction pressure 
and temperature. The moisture conservation equation is reduced to weak form as follows:
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and in matrix form 
                                                                                  (9)
  
where                                                                                                               
[C] = Capacitance matrix for moisture  conservation 
[K] = Stiffness matrix for moisture conservation 
Following a similar procedure the energy conservation equation also can be solved and can be 
represented in matrix form as  
                                                                                              
(10)
 
    The governing equations described in this paper are non-linear and coupled and hence they are 
solved using Newton-Raphson method. To evaluate the governing equations 45 derivatives should be 
computed in each iteration. Hence the computational algorithm involves an iterative solution 
procedure. 
4. Results and discussion 
    In underground nuclear waste disposal system the waste filled canisters are placed in the rock 
surrounded by a buffer material and the whole system is buried in the geological formation. The 
knowledge about the heat and moisture transport through the buffer material is critical in determining 
the performance of the disposal facility. The simulation results obtained for Dirichlet, heat flux and 
adiabatic boundary conditions are discussed in the following sections for the schematic diagram shown 
in Fig. 1.
                      
Fig.1.Geometry of the problem 
4.1 Mesh sensitivity analysis and validation 
    Based on a a mesh sensitivity study a mesh of 1200 elements and 1271 nodes have been selected for 
simulation. The numerical formulation developed in the present work is validated by simulating the 
experimental results reported by Rutqvist et al. [6] using KID-BEN apparatus. The effect of 
temperature gradient along the buffer material (clay) on water movement was studied for two 
experimental trials carried out for 96 hours with the boundary conditions given in Ref. [6].  The 
temperature and moisture distributions predictions shown in Fig. 2 are in close agreement with the 
experimental results. 
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Fig.2.Results for validation case 
4.2 Results of test problem 
    After validating the present numerical formulation, computational results are obtained to study the 
effect of heat and moisture transfer in a buffer material made of clay. Simulation results are obtained 
for three test cases with Dirichlet boundary conditions and three test cases with heat flux boundary 
conditions. Initial and boundary conditions for all the six test cases are shown as follows: Initial 
conditions: @ t=0, Tinitial = 25oc , Sinitial = 0.60.  
4.3. Boundary condition 
(a)Moisture equation: In all the six test cases, left side, right side, bottom side and top sides of 
computational domain are assumed to be adiabatic and impermeable to moisture transfer.  
(b)Energy equation: In all the six test cases top and bottom sides are assumed to be adiabatic and the 
left side is subjected to Dirichlet boundary condition and right side is subjected to either Dirichlet or 
heat flux boundary.The boundary conditions for the four test cases are as follows: Test case 1:@ X= 0 
m,    0  Y  0.5 m , T = 25oC; @ X= 0.1 m, 0  Y  0.5 m, T = 80oC; Test case 2:@ X= 0 m, 0  Y  
0.5 m ,T = 25oC ; @X= 0.1 m, 0  Y  0.5 m, T = 120oC ; Test case3:  @ X= 0 m, 0  Y  0.5 m, T = 
25oC;@ X= 0.1 m, 0  Y  0.5 m, T = 155oC; Test case 4:@ X= 0 m, 0  Y  0.5 m, T = 25oC;@ X= 
0.1 m, 0  Y  0.5 m, qll = 140 w/m2; Test case 5:@ X= 0 m, 0  Y  0.5 m, T = 25oC;@ X= 0.1 m, 0  
Y  0.5 m, qll = 365 W/m2;Test case 6:@X= 0 m, 0  Y  0.5 m, T = 25oC;@ X= 0.1 m, 0  Y  0.5 m, 
qll = 550 W/m2. The simulation results for all the six test cases are illustrated in the form of temperature 
and water saturation contours and the variation of temperature and saturation along the X-direction at 
the mid-plane of the buffer.  
Fig.3.Temperature contour after 250 hours (Test case 1) 
4.4. Results on temperature variations 
    Figure 4 shows the temperature contours for test case 3. The code correctly predicted the expected 
temperature variation between the hot and cold ends. Since the top and bottom sides of the 
computational domain are assumed to be adiabatic for heat transfer the temperature contours become 
perpendicular to those sides. Fig. 4 and 5 show the temperature contours of test cases 1, 2 3 and 4, 5, 6  
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respectively. Since the top and bottom sides of the computational domain are assumed to be adiabatic 
for heat transfer the temperature contours become perpendicular to those sides. The temperatures of 
canister side found to be 51.52 oC, 92.3 oC and 133.42 oC and it can be noticed from these figures that 
the temperature at the hot end increases with increase in heat flux.  
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Fig.4.Temperature variation after 250 hours (Test case 1, 2 and 3) 
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Fig.5.Temperature variation after 250 hours (Test case 4, 5 and 6) 
4.5. Results on saturation variations 
    Fig. 6 shows saturation contours of test case 1at the end of 250 hours. In test case 1 the saturation at 
the left and right sides of the computational domain along horizontal mid plane are 0.711 and 0.402 
respectively. These variations are expected on the basis of the physics behind the problem because 
increase in temperature gradient causes decrease in the water saturation. Fig. 7 and 8 show the 
saturation variation along the X-direction at the mid-plane of the buffer of test cases 1, 2, 3 and 4, 5, 6 
respectively. In all these test cases the saturation at the canister side is decreasing and saturation at the 
earth fill side is increasing continuously with respect to time because of high temperature near the 
canister side.  The presence of high temperature at the canister side leads to increase in pressure 
resulting in establishment of thermal and pressure gradients.  
   
 
Fig.6.Saturation contour after 250 hours (Test case 1) 
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Fig.7.Saturation variation after 250 hours (Test case 1, 2 and 3) 
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Fig.8.Saturation variation after 250 hours (Test case 4, 5 and 6) 
5. Conclusions 
    The conservation equations for energy and moisture transport in clay buffer material are solved using 
finite element method. The mathematical formulation proposed in the present work was capable of 
predicting the temperature and moisture variations in close agreement with the experimental results 
obtained after 96 hours. Temperature and moisture distributions exhibit nonlinear variations up to 250 
hours of simulation for Dirichlet boundary conditions but for the case of heat flux boundary conditions 
the temperature distribution is found to be approaching linear variation up to 250 hours. Saturation at 
the canister side (heated side) is decreasing while the saturation at the earth fill side (colder side) is 
increasing continuously for both Dirichlet and heat flux boundary conditions cases. When either the 
temperature or heat flux is increased at the canister side, the saturation corresponding to that side 
decreases because of increase in temperature and pressure gradients. The present model is capable of 
simulating the thermo-hydraulic behaviour in unsaturated porous media with satisfactory results.  
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